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ABSTRACT

2 500’8

This repo.rt contains results of a wind tunnel prograrn to determine
ignition characteristics of hydrogen vented from a supersonic or hypersonic
launch vehicle. In the test program hydrogen gas was vented into the
boundary layer of a two-dimensional Mach 3 flow with 6 psia static pressure
and for a range of stagnation temperatures, The experimental results
provide a coryelation of the onset of combustion with the thermodynamic

)
properties of the flow field and also ignition characteristics associated

with surface irregularities or protuberances,

11
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2

EXPERIMENTAL RESULTS FOR THERMAL IGNITION OF

HYDROGEN IN A SUPERSONIC VISCOUS FLOW

James Dunn’

I. SUMMARY

Ignition characteristics, pressures and heat transfer have been
measured in the hydrogen combustion region downstream of a slot
injector exhausting iato a Mach 3 flow with nominal static pressure

. 7 .

of 6 psia and 10" Reynolds number, Three results frorn this work are
listed below,

1. Flow conditions were chosen so that hydrogen dumped frorn

0
a wall slot would not thermally ignite. A 15 wedge was placed in the
flow downstream of the slot and hydrogen was ignited by the increased

temperature on the downstream side of the oblique shock produced by the

A e Thaorral A if a3
agc inermal o it a1

L
(47

SEe) 1ont r at a temnerature of 19 ﬂo R

& at a temperature of 1900 R

or higher could mix with hydrogen, Ignition delay times are consistent

with estimates made with the one dimensional chemical kinetic calculations
/

of Reference 3,

4. Pressure increase in the combustion zone indicate that the reaction

was not complete in a distance longer than the theoretical reaction

distance. This indicates that the reaction was probably diffusion controlled,

Turbulent wall heat transfer rates in the reacting flow were observed

to be 30% higher than would be predicted by using heat transfer equations

developed for non-reacting flows and taking into account flow field changes

associated with the reaction,



3. A series of tests was rmade with small two dimensional disturbances
on the splitter plate upstream of the slot exhaust., Hot gas in the wake
of these protuberances ignited hydrogen from the slot in the distances of
less than one inch. The disturbance height was less than the boundary
layrer thickness and the leading edge was cylindrical, This result
illustrates that a local disturbance can be a trigger for cormbustion
provided it is blunt enough to produce high temperature air that can

mix with hydrogen,
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L FIGURE 1

Schernatic Repre sentation of Temperature Profiles for Slot Mixing
In Vicinity of splitter Plate




II. INTRODUCTION

During the launch phase of a class of boost vehiclesg,hydrogen gas
is Yented from one of the tpper stages into the airstream. Combustion of the
hydrogeh can énsue depending on the conditions of flow and on the venting
configuration, If cormbustion does occur,then significant changes in the heat
transfer to the wall of the vehicle and aerodynamic force distributions on the
vehicle may result. The analysis of the problern is quite cornplex as a result
of the interaction between the finite rate chernical effects and the shear flow-
freec stream interactions,

Various aspects of the problem have been considered analytically
under the present proéram , References 1-8. This report presents the results
of an experirnental study of conditions for ignition of hydrogen in a turbulent
boundary layer with particular reference to the effects of small protuberances
in the flow, These tests do not simulate the low density conditions of hypersonic

N
launch vehicle flight because of the large igntion delay and combustion distances
which apply, but rather attermnpt to gather information at a more convenient
scaling pressure which can be used to correlate with concurrent theoretical
studies,

Three significant pararmeters that deterrnine conditions for therrnal
ignition of hydrogen durmped frorn a wall slot are stagnation ternperature, local
Mach nurnper and wall temperature inasrnuch as these quantities set the
maxirmnum temperature in the splitter plate boundary layer (Figure I}, that
rmixes with hydrogen cjected from the slot. In ad.lition to these three para-

»

meters, static pressure of the flow affects ignition delay and reaction times

of the cormnbustion reaction. The effect of these four quantities on therrnal

icnition of hydrogen in supersonic flow is reported in References 1, 9, 10 and

_




11. In these references a temperature for supersonic autoignition of a slot
flow is quoted for two different free stream pressures., Reference 9 also

contains a significant similitude study for the turbulent mixing of two parallel
iy
[

streams wi}h different densitites and velocities.,

A conceptual model for autoignition of hydrogen dumped from a wall
slot parallel to the external flow is that ignition occurs by hydrogen from the
slot mixing with hot gas in the free shear layer fhat developed from the
e xternal splitter plate boundary layer., Provided, of course, the heat
content of the wake is large enough to ignite the hydrogen. Ignition for this
type of flow is thus controlled largely by the temperature of the gas in the
wake that mixes with hydrogen from the slot., A measure of the wake
température is £he maximum temperature of the splitter plate boundary layer

at the hydrogen exhaust, The maximum temperature in a boundary layer can
' (To-Tw)“
be calculated by Croccos particular energy integral, and is T =T*t 1/4 T _-T
, Te
The wall (splitter plate) temperature plays an important part in setting the

c onditions for ignition, especially at low Mach numbers.

The scaling laws for the mixing of two parallel turbulent compressible

flows has been reported in Reference 10 with the important result that the
2

(o u)e
free stream velocity per se, Thus ignition characteristics can be studied at

spread of the rnixing zone depends on the ratio , and is independent of

T e

an arbitrary free stream velocity and the parameters to simulate are the

. . . Py, .
temperature in the splitter plate wake, the ratio u)_] and the static pressure of

(pu)
the flow, The ignition delay and energy release times for the combustion of

hydrogen with air are pressure dependent as shown by the chemical kinetics

calculations of Reference 11,



In References 9 and 10 supersonic flow ignition temperatures are reported

for hydrogen air reaction at pressures of 15 psia and 6 psia. These tests

(pu)j

4
\0y)
e
(without combustion) will be the subject of a

were performed for two values of the parameter . Turbulent mixing

data for a range of (ou)j

(o u)
forthcoming GASL repor%, Also given in Reference 10 are heat transfer

rates with and withdut combustion,



1II, DESCRIPTION OF APPARATUS

1. Wind Tunnel Test Section

The tests were conducted in a combustion heated blow-down wind
tunnel that exhausts to the’ atrmosphere. The test section was two dimensional
with a contoured half nozzlg and exit size of }-3/4 x 3-1/2 inches. The test
section is shown schernatically in Figure | and in more detail in Figure 2,
The test section had four windows for taking luminosity photographs, shadow-
graphs 0.1; motion pictures, Static pressures were measured along the top,
bottorn and side walls, Heat transfer rates were measured on the top wall
with thermocouple gauges, Pitot pressures were measured at the tunnel
exit to ascertain that the flow was supersonic after cornbustion and total
ternperature profiles were measured ahead of the flame zone to establish
the hormogeneity of the flow. A typical test duration for this prog“ram was

fifteen seconds,

2. Cornbustion Heater

‘ The GASL combustion heater burns a mixture of hydrogen and
oxygén in air to produce products of combustion with an oxygen mass fraction
equal to the oxygen content of uncontarninated air. This mixture of H)0, N2
and O, is called vitiated air and typical rmass fractions (2500°R) wou:1d be
0.23 oxygen, 0.10 water and 0,67 nitrogen as compared to uncontaminated

air with 0,23 oxygen.and 0.77 nitrogen. In the expanded flow of the test
)

L
section the water and nitrogen will be essentially inert dilutents and it is

believed will have no significant effect on the chemistry of the problem

considered in this report.




The portions of hydrogen and oxygen added to the air strearn are

calculated to produce a specific temmperature of the products and the chernical

cornposition discussed above, The oxygen and hydrogen are introduced into

the air in preset quantities and the flow rates are controlled by commercial

regulators. Air for the burner is compressed and stored in a bank of tanks

at pressures up to 2000 psi. The combustion gases are stored in rmanifolds

of commercial gas bottles. The flow rates of oxygen, air and hydrogen are

monitored \‘vith venturis and the pressures are measured with transducers.
Hydrogen and oxygen are injected into a plenum chamber through a multi-

holed ring injector to promote thorough mixing with the air flow., The

rmixture is ignited with a 15, 000 volt spark and the products of cornbustion are

confined in a 7' diameter steel tube that is 5' long. The pressure of the products

is measured in the subsonic flow ahcad of the throat and the total ternperature

is, measured with two platinurn-rhodiurmn therrnocouples. The vitiated air

passes’ frorn the cornbustion tube through the two-dimensional throat and then

into the test section., Figure 3 shows a cross-sectional view of th? combustion

chamber.

3. Hydrogen Wall Slot

Hydrogen was durnped into the test section through a wall slot as
shown in Figure 1. The wall slot was located in the fully expanded section aof
the wind tunnel, and was 3" wide by 1/8'" high. The nozzle plenumn pressu.re
was set at 12 psia nominal to match static pressure of the slot flow with
static pressure of the free strearn, For all tests the total temperaturce of
the hydrogen was approximately 530°R. The plate that forms the boundary
between the air flow and hydrogen flow is called the splitter plate in this

report. The splitter plate used in these tests was approximately 3/16" thick



and had a fast response chromel-alumel thermocouple heliarced to the
surface. The detailed shape of the slot is shown in the cross sectional

sketch below, ,
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The HZ mass flow rate for the tests in this series was .015 lb/sec or an

equivalence ratio of 0, 2.




4, Wedge for Combustion Studies

A 15° half angle wedge was placed on the top wall of test section
for the series of wedge burning tests, Recall that the top wall of the tunnel is
straight and the hyl‘lrogen slot is on this wall whereas the bottorn wall is
contoured to obtain the Mach 3 flow. The wedge was located 9-1/4" down-
strearn of the slot ¢xit or 74 slot heights downstream. The wedge was 0,45"
high by 2-1/4" wide and fillers were used to streamline the corners and
thereby reduce the disturbance in the corner, The wedge did not span the
test scction because the area reduction of a 3-1/2" wide wedge was large
enough to,choke the wind tunnel. * The wedge was made syrnmetrical in the
streamwise ditection rather than as a plateau to prevent thermmal choking of
the tunnecl due to heat rclease in the combustion zone, A plateau type wedge
was built and used for one test series but the tunnel choked after combustion.

Pressure ports were built into the upstream and downstream side of the wedge,

5. Disturbances on Splitter Plate

A half-cylindrical stainless steel rod was welded to the splitter
plate to asscss the effect of local protuberances on ignition characteristics,
Two different size rods were used, one with a 1/16" radius and the second with
a 3/16" radius. The rod length was 3-1/2" {test section width) and each was
heliarced to the splitter plate on the air side, The rod radii were chosen to be

less than the boundary layer thickness which was roughly 1/4"., The rods were
—— e S

axially located one half inch upstream of the hydrogen slot exhaust, The

following sketch shows the protuberance location:
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6. Instrumentation

L]
a) Pressure
s
Pressures were measured with strain gauge and variable reluctance
transducers, The outputs were recorled on high speed oscillographs which

ordinarily werc operated at 4 ' per sccond, Transducers were calibrated daily.

A Scanni-valve was used to rmultiplex a nurnber of the static pressures on the

wall,

b) Temperature

Temperatures were rmeasurced with cither platinurn-rhodium or
chromel-alurmnel thermocouples, The outputs were recorded on an oscillograph

or alternately on a rnechanical recorder,

¢) Heat Transfer . ,

Transient heat transfer rates were obtained by rneasuring the

surface temperature risc of a serni-infinite slab. The mmeasured surface

’
*

ternperaturc was converted to tirne varving heat flux by a straight forward

nurnerical integration of the heat-transfer equation, The details of the solution



11

arc covered adequately in References 12 and 13, The heat transfer gauge
4

is shown in Figure 5,

d) Pitot Tube and Total Temperature Rakes

A three prong total pi‘essure rake was usecd at the tunnel exit
to ascertain that the flow was supersonic after combustion occurred., The
rake was pulsed into the flow by an air cylinder and remained in the flow for
1/3 second, norninal.

A four prong stagnation tcrmperature rake was installed below the
test scection and could be inserted in the flow for durations of 1/4 second
or more, Platinurn-rhodium thermocouples were used to rneasure vertical
distributions of total temperature ahd thereby ascertain that no sizable tempera-

ture gradients existed in the flow field.



- IV, DISCUSSION OF RESULTS
| The princ{éal work reported here is the condition for autoignition when
hydrogen from a wall slot flows through an oblique shock wave such as would
be produced by a launch vehicle transition section, The tests were performed
for ternperature conditions (To, Te, Tw) such that the splitter plate wake .
was not hot enough to ignite hydrogen from the slot, The tests were made in
the Mach 3,two-dirnensional wind tunnel described in Section II, A 150‘we'\3ge
was placed on the uppcr wall of the wind tunnel and hydrogen was dumpe‘d
frorm the slot which was located 74 slot heights upstream of the wedge, One
test was made with stagnation temperature low enough so that the hydrogen
did not burn either on the splitter plate or on the wedge. Two tests were made
with a stagnation temperature high enough that the hydrogen ignited when it
crossed the shock,

.

The temperaturc conditions for the tests are listed in Table 1,

TABLE 1
A - -
Splitter I'late Cal.Max, Temp.{|{ Temnmp. of
Stagnation | temp. at time in splitter Plate | Col. 2 after
Number Ternp of H, injection | boundary layer ™ |pass, . thru
°R °R “R Shocx R Results
61 2600 1200 1500 1900 Ignited on
Wedge
62 2700 1150 1500 V900 r "
65 2200 1050 1250 1600 No Ignition
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Note that hydrogen frorn the slot did not ignite when rnixed with air from
the splitter plate boundary layer at a calculated temperature of 1500°R
|

or less, Also given in Table 1 is a calculated temperature increase on the
downstreamn side of the oblique shock wave.

If ;che hot gas from the splitter plate boundary layer had crossed the
shock wave without mixing with hydrogen or cooler air,;thcn a rmaximum
gas temperature of 1900°R downstr arm of the shock would have ignited the
hydrog‘en as indicated in Column 5 of Table 1. The concept of supersonic
autoignition occurring if hydrogen is rmixed with air at a certain temperature
is, of coursc, a gross oversimnplification since ignition and flarne propagation
are controlled by the complete heat balance for the reacting gas. In addition,
the hydrogen was heated by the hot upper wall, Nevertheless to an engineering
approxirnation, it would appear from these results that if hydrogen from a
wall slot is mmixed with air at a temperature sorne place between 1600°R and

o
1900 R that autoignition can be expected (p=6 psia), This result is in agreement

— i

et

with the widely used value of 1800°R for autoignition of hydrogen-air rnixtures,

mr e R A St R,

A, Pl"essure and Heat Transfer Results

Figures 2, 10 and 11 show static pressures measurcd in the test
section for the 3 runs in Table 1. Figures 9 and 9a show the top and bottom
wall static pressures for run 65. ( No Ignition ), . Note that no pressure
rise was rneasured ahead of the wedge, which indicates that the boundary layer
did not separate. If the ernpirical separation data in Reference 7 is employed
the platecau pressure for wedge type separation would be 15 psi, which was not
observed, Ad«%itional‘ly, the separation correlations of Reference 6 indicate

. 7 .
that for air flow at Mach 3 and 10 Reynolds number a AP /q of 0,35 is
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required to separate the turbulent boundary layer approaching a wedge, The
15° wedge pressure coefficient is 0,29 at Mach 3, which further suggests
that the boundary layer did not separatc in the corner. The difference in
pressure level hetween the measurements before slot injection and after:
injection were due to a slight drift in tunnel stagnation pressure., The low
pressurg region on the bottorn wall downstream of the slot before injection
is caused by the expansion fan originating at the splitter plate lip. Downstream
of the wedge the oblique shock wave reflects frormn the bottorn wall and hits
the top wall again, causing a high pressure region on the top wall,

Figure 6a through fe show Run 65 - heat transfer rates on the top wall,
The duration of hydrogen injection is indicated on each figurce. The location
of the gauges is indicated in Figure 9 in relation to the slot and wedge.

.

Figure 6 also contains the calculated flat plate heat transfer rate,

- TEErZ;3 (Re’)‘z

X

0296 (ee.\le) {hr -hw) [( o , 8 s ,Z]

This is the turbulent heat transfer rate calculated by Reynold's analogy
using the constant-property Blasius incompressible skin friction relation and
Eckert's*refervnce enthalpy fac';'?)r for cornpressibility., (Reference 16),

L4
Agreemment between calculated and measured heat flux is within 12% before
hydrogen injection except for gauge 3. The discrepancy for gauge 3 is felt
to be an experimental error, rather than low heat flux in a separated region
on the basis of the pressure measurements and previous discussion,
The steady decreasc of heat flux before injection was caused by the rising

. : ) o
surface temperature. For instance, the walltemperature rose frorn 900°R
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to 1100 R for gavge 1 in the time interval of five to nine seconds. Gauges |

and 2 show the decrease in heat flux when the cold (To=540°R) hydrogen is
injected into the test section. Gauge 3 does not change during hydrogen injection
indicating that thebhydrogen was at least partially mixed with the air at this
location, i.e.', 66 slot heights dewnstream . Gauges 4 and 5 were downstream
of the wedge and yielded no significant inforrmation for the no-burning test.

The tail-off at the end of each heat flux trace represents the tunnel shut down.
No atternpt was rnade to explain the 12% difference between measured and
calculated heat flux since the measurements were rnade prirr'narily to compare
heat trandfer with and without cofnbusti(m and 12% inay be considered reasonable

4

engineering agreement,

Figure 10 and 10a give pressure distributions for Run 61, in which the
hydrogen burned downstrearn of the wedge, Note that the pressure level behind
the wedge increased from seven psia to 14 psia, due to the heat release in this
region, The distance {rom the onset of combustion to the end of the tunnel was
about ten inches and cornbustion was not complete in this distance as indicated
by comparing the obscrved pressure rise with a one dimensional estirnate,
Despite this fact, a simple one-dimensional calculation of changes in flow
properties can be made using the mmeasured static pressures, as an indication
of the heat release. The dynamic and thermodynamic properties obtained from
the one-~-dimensional calculation can y.thcn be used with the flat plate turBulent
heat transfer equation to calculate a new heat flu., ignoring any combustion-
induced changes in the rnechanism of heat transfer. This type of calculation was

’

L}
made for Run 61. Table 2 contains a surmmmaryv of these results,



TABLE 2

16

BTU

Heat Flux Calculation for Runs 61 & 62 { All heat flux in

)

t“ sec

, q cornh, . 13 comb,
g theor ] ¢ theor q no q meas,| q meas,| ¢ no Ratio
Run {Gauge no, with comb, no, with comb, meas,
No, No, comb, comb, theor, cormb, comb, meas, calcu,
I X I X [ ID pras VIC - ¥E | IX
61 5 43 70 1.63 38 77 2.0 1.23
61 6 | 40 76 1,91 43 100 2.3 1.21

s

62 5 45 69 1,54 48 83 1,7 i.10
62 6 47 74 1.56 55 110 2,0 1.29

The individual curves of heat transfer rates for Run 61 are ¢viven in

Figure 7a-7f . No qualitative differences from the no burning test are evident

except for gauges 5 and 6 which are in the combustion region downstream of the
wedge. Increases in heat transfer rates of 2.0 and 2.3 are observed for
gauges 5 and 6, These ratios are not felt to be representative of heat transfer
increases that wonld occur in the external flow on a vehicle since these results
are for flow in a constant area channel; liowever, a different type of calculation
can be rmade for an external application, It appears from the calculation and

results in Table 2 that turbulent heat transfer in the comb ustion region can be
calculated to within '30% by using the flow properties evaluated in the burning

gas and the heat flux equation developed from non-reacting data, To calculate

the heat flux in an external flow with hydrogen cornbustion the flow field with

combustion would have to be calculated and then Equation (]) would be used to
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estimate the heat transfer rate and subsequently increased by a factor of 1,3,
Figure 12 i?' a luminosity photogragh taken during the burning portion of test
61, This picture indicates that the flarmme zone starts irnrmediately behind the
wedge apex and that hydrogen was still concentrated on the top wall after the
compression and subsequent re-expansion around the wedge, Also given in
Figure 12 is a schematic aid for interpreting the luminosity photo,

Run 62 was an additional test with combustion on the downstream side
of the wedge. The pressure distributions for this run are given in Figure 11
and lla, No qualitative differences exist between the pressures in this run
and run 61 which was previou‘sly discussed, Fivures 8a to 8e show heat transfer
rates for test 61. Once again, the wall woling is observed near the slot exit
and heat transfer increases occur in the combustion region behind the wedge,

Gauges 5 and 6 indicate ¢ross heat flux increases of 1,7 and 2,0 during
g g g

t
c ormnbustion. These ratios are cornpared to the calculated ratios in Table 2,
The agreement of the theoretical with experimental ratios of heat flux with

combustion to heat flux without combustion is once again within 30% .

B, TIgnition Delay Time

In previous work at GASL (Ref, 11) curve fits to calculations for
ignition delayan? reactions times were developed for the combustion of hydro-
gen in air. It i: difficult to interpret experimnenrtal data in terms of theoreticallf
defined igrition delay times; however, in Ref,11 a measure of experimental
ignition delay tirne was taken as the lenzth at which visible radiation was first
observed on a long exposure photograph «divided by a characteristic flow
velocity. In this sense Figure 12 can be used to estirnate a distance from the

!

beginning of the observed flame back to the shock wave and a characteristic

velocity can be taken as the inviscid air velocity on the wedge. This calculation




—
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1.6 inches

S - =32 4 sec, rDiri .
gives TID 4200 fps 12 inch/ft. 4 sec. If the empirical relation
8 x 10-3 9600
"D = ——— exp T  is used to calculate an ignition delay time, then
P
Tp T 57 u sec, This was calculated using the measured pressure on the

wedge and the "unmixed" .maximum splitter plate boundary layer temperature
downstrecam of the shock wave. This is considered a reasonable agreement
between theory and expcriment. It is not possible to compare theéreti.cal
reaction times from Reference 11 with any characteristic distance of the
flow because the flow was not reaction rate controlled. That is, the hydrogen
did not completely burn in the 10 inches from the wedge to the tunnel exit
1 -1.12T
wherecas the theorotical reaction “istance is LR su TR':49OO fps T?expl—oo_o_‘:S’
5]
This is the di-tance in which the reaction would have reached equilibrium if
the hydrogen and air had been premixed when ignition occurred, which of ¢
course, is not indicated by the theoretical calculation of reaction tirne,
A rough measure of how much of the hydrogen had reacted at the tunnel
exit can be obtained from the static pressure rise downstream of the wedge,
The static pressure rise of approximately 2.0 (Run 61) yields a one-dimensional
simple To change of about 1.24. Using the tunnel mass flow rate of 2,61b/sec
this yields a heat release of 500 BTU as compared to a heat of
Q=m AH =6, 015 lb/secXSSOOO BTU/].b)= 800 BTU for complete cornbustion .
These calculations were made to demonstrate that the measured heat transfer
rates were taken in a diffusion controlled reacting flow and that no conclusions
can be made from this data about heat flux far downstream on a vehicle after
the reacti-:)n has reached equilibriim,

A total pressure survey was made at the tunnel exit to be sure that

combustion was not choking the tunnel. Figure 15 shows the Mach number
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dist‘ri‘:.)ution calculated from this ruin, Note that the Mach number is

lower at the top where hydrogen is burning than in the non-reacting gas

at the bottom wall. An additional run was made with a total temperature
rake to check the temperature distril,ution in the test section, Figure 17
1s the measured profile 2 inches downstream of the slot exhaust, The test
section measured termperatures are 150° lower than the 2900°R measured
in the subsonic plenurn chamber but no recovery factor was applied to the
probes in the slxpcrsonic test section, The profiles show that the vitiated
air enterinyg the nozzle was mixed enough to provide a uriform temperature

distribution,

C. Ignition by Two-Dimensional Disturbance on Splitter Plate Lip

A series of tests was made with a disturbance on the free stream
side of the splitter plate as shown in the sketch on Page.9o The purpose
of this test series was to determnine if hydrogen can be ignited by a local
disturbanle that scrves as a source of hot gas. Recall from the description
in Section II that the disturbance was half of a circular cylinder and spanned
the test section. One cylinder was 1/16" high and the second was 3/16',
ITydrogen from the slot was ignited within one inch of the exhaust by either rod,
The tunnel was run at conditions {(see Table 5 for To, Te, Tw) such that the
slot hydrogen would not have burned any place in the tunnel if the disturbance
had not been on the splitter plate, Note that the calculated maximum splitter
plate boundary layer tc;mperature was in all cases lower than 1600°R and
that results in Section B indicate that hydrogen from the slot would not have
been ignited for a temperature this low, Reference 10 also contains some

pertinent data on this topic. Figure 13 is a lurninosity photograph of hydrogen

¢
]
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cornbustion triggered by the two (different disturbances., As an aid to
interpreting these photographs the reader is referred again to the sketch

Y on Page 9,

TARLE 3
Run Di-tur-
o o o
No, bance To R Tw R T ax R Results
88 3/16 2700 1350 1600 burned at splitter
plate lip

90 3/16 2400 1250 1450 " e 1 1t

91 1/16 2600 1350 1600 t X 1 '

93 1/16 2800 1150 1550 t 1 1 T

95 1/16 2900 1050 1500 oo

The hydrogen ignition and short ignition delay distance (approximately one
inch) is attributed to the hi¢h ternperature in the viscous wake behind the
blunt cylinder and perhaps also to enhanced mixing of the hvdrogen and air

in the presence of the large free shear region shed from the rod., Static
pressures were measured on the tunnel wall downstrearn of the slot, This
data is given in Figures 14 and 14a and is presented mainly to demonstrate
conclusively that combustion occure:! in the presence of the disturbance.

The boundary layer thickness on the splitter plate was estimated to be about
one quarter inch at the location of the disturbance and the displacement thick-
ness was about 0, 1", Both disturbances were within the estimated boundary
layer,

-2
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V.. CONCLUSIONS

1. Slot flow autoignition of hydrogen in air can be expected if the maximun
o

ternperature of the splitter plate boundary layer is 1900 R or higher. The

. .
temperature for autoignition is probably below 1900 R but is definitely
above 1600°R . This applies to a flow with static pressure of § psia and
with a split‘tcr plate thickness at least 1/8 ', The principal effect of static
pressurec will be to change the igrition delay and reaction times (lengths)
as shown by Fivures 17 and 18,
2, Therrnal ignition of unburned hydrogen from a slot that is cormnpressed
by passing through a shock can be expected if the "unrmnixed" maximum splitter
plate boundary layer temperature is raised to 190003 by the shock, {The
qualifying comments in Teem 1 apply here also.) Alternatively, if the maximurn
tempetature in a hydrogen air boundary layer is raised to IQOOOR by passing
through a shock thermal ignition can be expected.
3. A blunt disturbance ahead of the slot exhaust with a heigiht equal to or
greater than the boundary layer displacement thickness can generate enouéh
hot gas to siznificantly alter the ignition characteristic of the slot flow. It is
difficult to make a quantitative estimate of the temperature conditions for which
a proturberance will ignite the slot hydrogen. However, if a maximum
temperature can beA assigned to the protuberance wake at the slot exhaust
then 19000R could tentatively be taken as an ignition ternperature (at ¢ p-ia).
4. The theoretical ignition delay curve of Referencell (also Figure 17) appears
to be in reasonable quantitative agreernent with results from these tests and

i

previous GASL work.

i
i
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5. Heat transfer increases of 1.7 to 2,3 were measured during cormbustion
in a constant area channel., Turbulent wall heat transfer rates in the reacting
flow were observed to be 30% higher than would be predicted by using heat

transfer relations developed for non-reacting flow and using flow properties

of the burning gas,
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VI.,APPLICATION TO FLIGHT CONDITIONS

.

A sample calculation for thermal ignition of hydrogen dumped from a
wall slo‘t was rmade for the typical launch vebicle trajectory shown in Figure 19,
Figure 20 shows the results of this calculation and indicates that (based on
the results of this program) thermal ignition can be expected at altitudes above
130, 000 feet., For ignition delay and reaction lengths Figure 17 and 18
can be used along with the local velocity of the flow., Ignition delay lengths
may.of course be longer than the booster at high altitudes as has been previously

reported®in Reference 1.,




L3 a

REFERENCES

1., Libby, P.A., Pergament, 11, S,, Taab, P, "Engineering Estimates
of Flow Lengths Associated With the Combustion of Hydrogen-Air
Mixtures During a Launch Trajectory, GASL Technical Report No. 330,
December 1962,

2. Rosenbaum, H: , "Axisymmetric Laminar and Turbulent Jets of
Hydrogen with Sirmnple Chemistry, GASL Technrical Report No. 331,
January 1963,

3. Taub, P.A,, '"Slot Injectioh of Reactive Gases in Laminar Flow
with Application to Hydrogen Dumping', GASL Technical Report
No. 332, January 1963,

4, Edelman, R.,, Rosenbaum, H,, Slutsky, S., "Generalived Viscous
Multicormnponent-Multiphase Flow with Applicatiorn to Laminar and
Turbulent Jets of Hydrogen', GASL Technical Report 349, June 1963,

5. Edelman, R., and Rosenbaum, 17,, "Firite Rite Fvaporation of Cryogernic
Hydrogen in Two-Phase Air , GASL Technical Report No., 367, September
1963,

6. Rosenbaurn, 1l,," Induced Pressure Forces Due to Hydrogen Dumping"
GASL Technrical Report No, 365, July 1963,

7. Edelman, R., and Libby, P.A,, "A Prelininarv Analvsis of a Reacting
Boundary Tayer with Coupled P’ressure Interaction', GASL Technical
* Report No. 377, November 1963,

8. Libby, P.A,., Rosenbaum, H.,, and Slutsky, S., "The Larminar Boundary
. Layer in Hydrogen-Air Mixtures with Firite R.ate Chemistry', GASL
v Technical Report No. 385, Novernber 1963,

> 9. Schetr, J.A., "Diffusion and Combustion of Hydrogen in Air at
Supersoric Speeds' (U) Report Confidential, GASL Technical Report
No, 319, November 1962,

> 10, Schetz, J. A,, Dunn, J. E., "Thermal Ignition of Slot Injected Hydro-
",‘ gen for Low Free Stream Temperature and Pressure '"(U) Report
Confidential, GASL Technical Memo No. 92, November 1963,

—> 11, Pergament, H. S., "A Theorctical Analysis of Non-Equilibrium Hydro-
gen-Air Reactions in Flow Sy=sterns', AIAA-ASME liypersonic Ramjet
Conference, April 1963, Paper 63113

12. Cresci, R, J,, and Libby, P.A,, "Some Heat Conduction Solutions
Involved in Transient Heat Transfer Measurements', WADC Technical
Note 57-236, ASTIA AD130800, September 1957,




13,

15,

16,

24

Rello, R, A;, "Control Data 160-A SICOM Program for Computation
of Aerodynarnic Heat Transfer Riute for any Measured Surface
Ternperature History', GASL Internal Documnent, (Available on
Request),

Kaplan, M., A,, and Estes, T,J,, "Iligh Speed Boundary Layer
Separation in a Cormnpression Corner’', General Electric Missile
and Space Vehicle Department, Thermodynamics Fundamental
Memorandum, TFM-HTT-8151-001,

Pallone, A., and Erdos, J., '"Shock Boundary Layer Interaction and
Flow Separation', AVCO Research and Development, RAD TR 61-23.

Eckert, E.R.,G,, “Engiﬁiering Relations for Heat Transfer in High
Velocity Laniinar and Turbulent Boundary Layer Flow Over Surfaces
with Constant Pressure and Temperature', ASME Paper No, 55-A31,
Novernber 1955,




AR L TR
v G‘QW\..K\ &, Ao =
Y 4

=7 \vakag VAT ARG . DT ARy L]

&

——

Sy
A 72200, - POS/ 4L @

- - : ;&M‘\ \C‘.\\\\O
. >
— ” b‘\‘ @\“\
i XETH Doy \h\h
o LIFAY POy \c‘n.“.\\\\

S IAS pravee s-C /8- 2h 7 @

- wy LA W L300 SN M
L &7 [T T meewor @
‘“ S arv h M ! M vt @
. ) a2 ! L >4
m \_&u\\\ oz Y oL QrINU % O
|H - Suﬂn (n7) e
I ” I h ww e

280 L daemis M |

T e

' T
RO .-

_v T2

Assy oW P s O ’IE

; by 14
. - - tm oy A o oo AP S o
= St _,Hiw;lu,uﬂ Ti T e
A S AR I I et S - _
F - BRI e o BRI et \* x/
L e R e s O g - h
M & } TA Mww S \ o ub
: - ;oo £+ L
) + o+ @ + o+
c = e@ :
- / ‘,\/ + 4 T R
1
] &Hi-- + A
T A2
- S S+
R
VX —4—
/ .
\ + o+ 1 + 4
- // VN T w E
/// N | ;\‘,.
~ S R I I P
] > -~ e )
c Jd0914 -
! 7..u Veod70%2 )
i T Dy i
- AN
_ tw?u.ﬂu \.S.RQMR WP s P IR YL _ _%
m SO TL PRI AL 0N AL YN EOLA Al
} -
| abpiits
o . !
BEI I ToAw plar e |
. . S R P AT ¥4
BV 0. 677 PV WS v oS WX D08 PP S
R NPT P R ERP P REELS L AP I T
H — e - _ J-T — e | S — — - ————
_Nﬂlﬂml)l,n}..)ll T e e - —_— - -
M “ M ;\<n o L Sx it

—

B

¢ P

. 957 ,t \:\;

K]

TiL 975

o

T

T
N7

19

7

p— +

BT 7> TA7)-THWTD oA |

7

GO 52 007 NI TD
FIS A5 i\.\% AT K

- S A\\\m e
\\\ %v& A xm ot
Asiel

4
252 NN\ 25
L

fsdatiiniiied

(7227K | ASSE MOTHW? 7-975/-JL 1/

:é&/ /f///gw SN NN 708

ASSE IFSIA/T \Q\\Kk\\

®

|
ASSE 7722k XU WA

NSNS T/l

OO X2V W .G KEL-EPA

ASSE BU/SHak XU/ \.QMﬂ\.\\

Jﬂ!ﬂﬁx BIH R \b\\\\.\\\\c\\b
/Mww o W IS g

\. TIRE &S FaE AL
- @

N
e

D0\
\\

~

/ GBI OT SSVHIT7 \
IS D IS #E Wi
@

AN
NN N

/

/
@ J

@ 7AW URIUTE + 028/ SL \

CAwoOnS) 20077 1/ §C5/ L —

i




_ ———— - |4 \ |
- = = T L T AT T TR — - T e e e - - - — — — _ i
éuﬁ% heb% Au .ﬂmpt
IIE i o
L e Y Y R, R — R D T , L T T
2 W d 1] - e
shor-@ K U
- -V%m“a\”u}&\\kt\ PPV Y G A A ,
N ,
: ; - :
: _, :
| i
S ] :
v oy TEFL . ! .
A sreewr; !‘E& L%,
\‘k)ﬁ\ \\\\“\
AT 2t r@w - s
B iﬁi \\I!\\\
R
! ' i‘ih\ \nl\i\\
“ﬁ WY M
- ~ \..88\\.,, "8/ €
WV P4 B> WS (24%7) 7 o | ||

7 Sy Ve o’ &5 ¥ 44 . ; ‘

w2a) f6-, 0/ = &6 ey

-

R _ AW e

ASSH I TIND) /-8 W

»
o
3
RERECASY = VNN
SN S

v

+ _ _+ e p—— +—+

7 JoX) ~ .. £- 76 1OV XL
«mwvn% 7007 - R -

g n/.‘zrr.’z‘;c'.’_'m‘nh'?\"? “
o

A

R

Vi
\ \
s
©)

Tt — W\ : m -
h\i \\ . 4.,.@4 -~ S
VA NSO SOSOSIOINSSNSAYN SO > Y SOOI 2\ \[«\.\\ - S ) |
.II, ; M Z \{\{ \\ i L p \,\ : ~«.A.M . /\\ - 3 o /
% R TS ’ r\}\r& et L e
.‘T - i \\ " / \\\.\\ : . R |
_ : ‘ﬂ \ \ ;. K L ST LR < - X .
SOSOUOSNSOSISUSISINNN ////%//// / &Ef NN AN ) AN
SRR - | 7, A v
e b = - Lo T T ST -5 e e
. ! «@ o g oatl- ;lt T SRR T T TR
a4
H.Q * h/
K
| &

R

e

m oN .&Sm\\
-9¢ FOr7

J o el
j:‘_‘,?‘%&'ﬂ,' -
ST ’
T

——— e ——— e




27

WEDGE
FOR HYDROGEN BURNING TEST

SO AN AN Y
me\ DAY

43in
. .« — 18in. TO SLOT EXHAUST e
‘ ~4 . 3‘Liu—J
| T )28 SLOT HEIGHTS p *
I5° 7mTO TUNNEL
o > — EXIT—

|
S .
i M00'3

‘ I
anes //////’//”f’f s



|

-

N
D

GASL HEAT TRANSFZR GAUGE

CONNECT OR

THISEND FITS
FLUSH WITH
TUNNEL WALL

THER MOCOUPLE
WIR E

(CROMEL —ALUMEL)

141

N '\i-"
NS ~ 1
4 \
N N —BUSHING (7o SECURE
i~ N GAUGE 1o TUNNEL
:\ ‘ , g WHLL and FOR M
N D GAS SEAL)
N :
L ! N
N | I
N ! iy
N P ~
NN
T d N
AN S \'
N T
N !
\‘, i
AN

\Y" T HERMOCOUPLE WIRE
STRIPPED BACK HERE

o TAPERED PIN TO CRIMP
—$Z *—  THERMOCOUPLE (FILED FLUSH

FIGURE 5 h



HEAT TRANSFER, BTU/FT -SEC

60 e e R

%

ro
@O

" HEAT| TRANSFER 170

WITH WZDGE
NO IGNITION' .

i

|

!

L SR
A

-20

'‘GAUGE NO. I -6.2 IN.
DOWNSTREAM OF |
Sl_,QT ‘

Hydrogsu
injection <

SECTION  WALL

S |

S GV

FIGURE oA

30

60 +

Hycrofeu ;
T e .
ivjectiown f
!
S\“B~
g

"]
"y ‘\ i
A |
\ ;
. - ~ A !
. ‘ - :BL._,[N' l 1:)/8\‘ :
DONNSTRZAM OF y .0 :
SLOT L ’/Q( f
i

. Stive. secomes 10

FIfclIRFE AR



SEC

.

BTU/F T

FER |

HEAT TKANS

20

HEAT TTRANSFER

30

70

TEST SECTION W ALL

WITH WEDGE

L NO iGNITION

:
!

HerojeAl

sLoT

GAUGE NO AR e

DOWNSTRZAM OF

iNjection

i
H
|
1
!
i

<P

|
1
|
|
|

SO S

S

FIGURE 6C

20

Hydrosenm

iNjectiow

GAUGE NO. 5- 227 1IN,
DOWNSTREAM OF

SLOT

4e e e g e ey e

i e s e

5 TIME,SECONDS 10
FIGURFE &N

15



TRANSFER, BTU/FT -SEC

HEAT

80

60

40

20

HEAT TRANSFER TO
TEST SECTION WALL
WITH WEDGE,
! NO IGNITION

> <

‘injection
i

3

i
¥) !
—— -~ —_— —_— O )
|
}
| !
| |
§ ;
‘ f '
! ] :
. . ———nn o R—— o e v e b s s Mg o
T !
. t
| !
| 3
|
| i
. [P =y - __._t. 4 —— = - ~——p g -~ —— b ;
| i
i ;
i

/

} ! _ !
IGAUGE NO. 6-254 [N, +
COWNSTREAM OF,
SLOT

0 Stime, scconcs 19

FIGURKE 6F




HEAT TRANSFER BTU/FT -SEC

o
o

o °
O

—— s “T’“ e — .,__-—-...__..;___ e e §

20

D

80

0

40

GAUGE NQ. 2-82
DOWNSTKEAM OF |

HEAT |
TEST.
WITH

|
-
|
|
l

GAUGE NO.
DOHNSTREAM  OF
" scLor

-6.2

TRANSFER
SECTION WA
NEDGE IGNITION

ydr‘og A

g3

FIGURE 7A

SLOT

L.

0

Fh{/x

@

f
|
!

5 TIME SECONDS
7B

|INJ£C1'I- NF

——
RS S ....‘S;B“..W_ﬂ_“ﬂ e

TO
L

Y

o

- .
’ H,droj
‘ Injection




HEAT TRANSFER, BTU/ FT'- SEC

o LEAT

TEST
WITH

;
|
{

TRANSFER TO
SECTION WA
WEDGE IGNITION

Hydrogew

g e e

injection

60

40

S e T

3
i
i
]
]

20+

DOWNSTREAM OF
| sSLOT

FIGURE T7C

SLOT

|
-
%0

‘GAUGE NO.3-106 | IN.

‘ Hydrogen' |
‘ ivjection

GAUGE NO. 4172
DOWNSTREA M OF

i

i e e et ravae £ e e o] O e e e
|
{

A
¢
q
Ve ol
(S §
g
a

5TIME SECONDS O /5
FIGURE 7D

—




80 e . L : U
HEAT [ TRANSFER s
IO TEST 'SECTION
WALL

60 | WITH WEDGE |IGNITION
|

40 S

2C GAUGENO 5= 257 i~

DOWNSTREAM OF :
sLOT g |

. - .

FIGURE TE

HEAT TRANSFER, BTU/FT*- SEC

40 S

H "Jl‘ 3{}_!/

iwiee Toe i

<O lGAUGE NO.6-254 |1,
DOWNST REAM OF !
SLOT §

o S U S
o 57 IME,SECONDS 10
. RIGURE  7F




HEAT TRANSFER, BTU/FT*-SEC

60

40

80

20

HEAT TRANSFER TD

TEST '« SECTION WA/L

| WITH WEDGE IGNITION

’ yH/dmnjc/d

; 2 iNjection f‘-—
T

- S A

|

0 > TIN E, SECONDS

i

!
i

GAUGE NO.1-62 Jn.
o sLoT

i

|

CFIGUREEA

35

+

GAUGE NO.2 -82 !IN.
DOWNSTREAM OF
SLOT

cr.112T QD

VE



,
£C

HEAT TRANSFER, BTU/FT"-S

HEAT TRANSFER TO
TEST SECTION WALL
WITH WEDGF IGNITICN

"80 T S S

f
|
i
1 H 7r ¢
60 :'r,__w,,,,_ SR ”““,_*’“ e e e

°0 b e
LCAUGE NO. 4-17 2 IN.
DONNSTREAM CF |

| SLOeT g

o

FIGURE &C
Hoyseras <
P . S v inge tica , G

S VR

BAUGE NO.5-227 IR
DOWNS TREAM OF
. swoT

O o b ]

36

@) 2 TWE seconps 10 /5

FloURE 80



£C

60

HEAT TRANSFER, BTU/FT*-S:

40

20

120
’OOi

80 i

HEAT TRANSFER TO

TEST SECTION  WALL
WITH  WEDGE  /GNITION

HYJ"O:]EN l

- '\ inject /wi ¢

e e s g S e e

‘GAUGE NO. 6 -254 IN-
DOWNSTREAM OF |
sLoT |

i

0  57IME,SECONDS 10 5

FIGURE 8E



e e
v

: © NOILSNEawo D
v NOILSNEWN0OI-Fdd

T

- Qo ;o ~ .y 5 Ny ~y d - . > ‘ - <
s (o @2 L7 T 520 < Je e o €5 5 T = e
e R e el e e e e i e e 1 <o et 2 e e e e e e o oo
. ,‘ i | . : T i i . T : , -
i i { , : i : ! : : ! ! j -
. H . ! { : | i : : ] . ., !
! ! i : : ! . s | | i
i * i C i * : + ! i : H
e G SO VS SURPPRE
' i

i i
i !

§

¥
-
4
t
I i SR R B e daae® S B R
|
!
2
'
!
i
1

| | o
h : | “ ~ “ “ A : i .
4 ; { : : ; ; ! ’
1 . i . v Suighoun * . i
_ : | - + . ! : : : . i
' : . } .o : . B . 3 ¥ ! !
H . i : H ol i ) j . ; . i
g e i SRR & LT ; S L i - D . H _
f ; w . ; ﬂ : : , i ; ! i
~ ” m , ] * M ; ! m ! _ ” ! _”
; .w _ ; | ,, | : W : ' ‘ ] i i i
i ‘ w : i w _A ! . : m ! : _ ; ,, '
_ ; ” L : i | : M , _ ! : ! :
e T B GEE poom i b s e S e Tt : : >
: ] ! ! ' . i ' : . , “ i
| m ’ . M i i ! i w w m ; w : “ :
{ : i ; - : ! ; ! j ; ! i : :
foe . L , : ! ; ” | i ] ! ! ! : ; i | :
,“ . : e o : ; s B S T s = IR i : E
W ' m . ! m ; ) m m _. ! w ! 1 | w _ ﬂ
S I T T | | S o
I e - j | M w i , w m | “ | L~
: i ] w I o I I ) A S A .;ii..;“,. -t i S S : P 1 Ny
! t { : i ; i 1 . ! ; i “ . ; i
| o o __ o | I T N R
” | M w _P ﬂ , | @ ! | w ! ! _ m | i
i~ 5 - e —wemene e e S - -4 R T of e e e SR SR - [ G | BRSNS NASPRSNRI
j j : 4. ! m : ‘ ! _ “ ! H [ | ! | w
: ! i X : i ! ! : } i N i { !
i i ! . ; i : i . | ! } ! | { !
! “ ! " ; m ‘ ‘. ! w w ,~ m i _
L S SO S by : i “ “ | | | ,, m o
4 | e R D S S S S IEebls B e s AN BEE S S A=
i . i : " i w ! m : : : i w ! i i : H_ | " :
) M , _ ! W m ! i .ﬂ | : ! ; w ; i i : * :
L ﬁ | ] ' “ m ; M ; i .. . x_l } _ i ! | m w
b r t -y ke et - “ w e : R g e T— H 4 L B b .
; i : i i : : ! i | _ | ! ! | ! i i i
! Pt i { i ! ! { i : : i _ : ;
¢ H { ; i H | i H i P * ! i |
SUNRUUI S N e bl e e e - ot i e e = IR, PR e - P [ S e —_ ‘ A . —e e i_ o B :

-

Ve

4




> NOIL2NFNOD
« 7 NOILSNEN0-THd

- - 7 A e jon ' ~- T
[t o b £ r ¢ B oY - 4 e g
: { i ! ! ; ) “ ! -
X ' : i i ~ | X
: ' ' ; . i
: i i : ! 1
R i PNV A U S | i —— s e, IS — e et o o - .
. ] | ! :
i ¢

H
’ ‘
e o eyt
!

1]
F
¢
1
7 13
¥
| { : ;
o 1 :
7 .!V\ ”.l PR W M [ERRNSIR. W A R TS e
i
b
t
| ~
7 1

i . -
: m R ,, i
1 | ; i i u . .
! w K : ; " : - : ‘
N A - mmﬂmu‘i:ﬁ ..... T o M B et ek - i S S ,
w : : ; : ! : | | ! |
w T W ] A Ny e A
o S S T R A A A S S A Sy ——— =
M i m m ¢ ! : ! m “ i H
i : i ! i ‘ i !
H m ] » H {
! - i ! H ; : : :
i LT e - [y U R PN U . R s - i f T e S SR S e T T T s p e B
i " ! : [l
H
]
~1

TN -

_ ) _
.\h\ SO SPUIRURE SUN \‘Tnl. [ S M ‘ il.. e S S e ST i . - w R
'

SUSIPURUS S B T L e ﬁ?u PSR SN AU

A“.V N e memimemem e e e o e e

i i
e Jw 55 SRS SR S S HORS IR S
i

-
1
]
i
i
i
- 4
i
i
i
{
#_..__._.«
J
4
|
1]

o _

o _ )
e \\ ﬁ LSS NS S L LS LAY S
o DOTH L S T

— ~ ~

="

B s i e TR
- R

W N

,m S TCOMN NG A wouUoOs
FIZANNT L T \ ot ST WD N

N LS o0 e Ay
m NS L LS A m '
,

———

TN,

.

. {

e r——




o NOILSNEWOO

v ZuEmDnEuu mmq

e kS : = s ¢
~ Ty e -7 P \\M \ ‘ . Y Rt g
C2 wd L7 7z e % &L o < Lo < s . o | | -
R I R A h o S
W m w m * m : i “ : { i \
: . ; ! w : : | : ! ; ! i
t { ) : H H i !
. w * i H v ! ! i . N i . w
IO S - i»..we - i [ ;Wi.‘i. i .wl) . !\W!.(n e e ~ : | w
3 i i j i : ' _ . , |
1 1 ! H i : . !
! ! | 1 “ ! ! “ ! : | |
; i m i .| ' ! \ _ | ,
: . ; ; : i ; : : . : , 5
H ] : , , R ) ¥ : ‘
; | ! ; )T‘i SRS G + . _ : V
RS SR YT T T ! ; X { L
. ! i \ 1 : : i i B 3 ]
! ] H “ P : ; . . . § ] ; lo._ﬂ «
., by | ; 2 : ; : : ' . »
L t Y Y ‘ ! i ) \.@.l.zr + o
e i.rxL“ : [ - s 4 —— o wadl . ; . ‘ \ {
L i i : i w ,. .
H H i B t _ _ . | |
! 1 | ; { i : } i ; . y
, ! i i ! : : -
M » H O,W ” { ' i : - _— e M P
A : H - H T i . 7 ! . ”
R A N R R S T -
i i H i ! ! A ” ! . i ,
m i ! | | ” | ” _v | | ! . ﬁ
! A m | | | : .ﬂ , _ i o : ; !
| 1 s * A S : | , |
ot A A w )
Pt i ; i i : i ! “ | “ | | w | |
4 M : _ i i | : b i LA ! : H ey
: & - — i [T SR 8 JR. — : .
T .1!.,.4”.3;‘1 C tih ‘‘‘‘‘ IM‘ w ! ! ! ~ ! i : } i ;
H i : i : i w i i ._ ; : f “ ;
! ‘ N | " “
H ﬂ : . ) | | h i i ; ; , ”
; R i N | " SN S ! ( ; | !
§ : i , ! | . | | |
I oo L N
: } : i ! : : : ! ! ~
; ! : i . ! ! | | R o “ 4
; e e TR H i :
[ H de e N a - { ' | : _
H { B m . ; u ~ M _ . m
: : , , ; !
i “ ! . M i i i i f .. ;
! M ’ i ! i __ ! i M “ ,_ _
) "1 .w H e e b : [ W -3 § :
o Lv! —_d 4 F .. i , / H ”
m ! w ! ," ! ! ! ¢ %
| | | , w | . | w | o . P
i ! A b b et = . -
o i >
4

- : / Y A s \\\ -y

N
N
N A

_—_\.‘i
.

1
~
*

’ \* y - 1 #
f~ i JW\,‘T.N‘.QA . 29nyY) . 300 Qh\v Q \

\Q \Q\\q .\\W. R ’ o7 M:\\M A QQIN

i.\u\.\w A \.A\\\.\\u £ C7n ) S e n.., \)W\,\l N

\.\\ \H \.\:»W .\x.‘ \Ju\ ‘ o7 ..“.... ,.a L .‘sw \v: mlet“m.w\\Q

l o W A w

Ov ‘ | N * i o o

m -3
NSQ@ ENGL A7)

Ol 79nN14




o MNOILSNENDD
R, zo:m:nsoomqq

P . r

- - 4 d
emard
. . ! .\‘
.
! 1
; !
' ,
N
¢
i
i

Vg WS- e e =

1
1 H
i i
i !
r 1
H [ ¥ i
! 1]
- i e N : R L
i H N I N
; : ; ; i
i . ¥ : { ! H M
H ¢ . i i
.ﬁ i _, “ ! W : S w M
[l B ! S i B . S ! : . : i
: i : : ! i ! : _ : :
N i 3 . s ¢ H ” ¥
i ! ' _ : | ; ¢ : ] ~ ]
¢ : : i i : : i i
I T — S S L i . { b ! |
! . ] , ; i : [ . [ M .
| i N . : t ! i H R
: ) { i i i ¢ : | i
; ! : ;
! ! i : 4 ! ” i !
- ; } ! ' ; ! R :
D.v “\V‘ ..w.ll«.l.lu&n 4 - ke < “ : — ”! : — - ..we, .- B x.w » 4
| } ; ' : : : ! i ; !
i 1 . : H : ! i i
~ ; ' ; ‘ : ; ; ; i
i i i ! ] : : ! ; ;
S FO— Ll el e —— i b i M ; L. o4 i o
] r i _, ’ ” i ; 3 ! 1o
" | ! “ : _ | | w A |
H ¢ i } § t {
i i i i ! ! i ! i
R S : s e — A e e i - . e

- -
!

B | ey
. H

s

¢

7 7

\.“ \\\\ . " ‘
~ o

VoI S9moia- - :

/9 ‘ON N 1707
DINANTL Nt INCS YI2A7 N
NO/LOAE /D LE T FHISE IS

N

SN
N

Y

'

!



D NIIISNAW DD
¢ LCI1IRNANDD-THd

& i N . - 4 L . o
S L Cx P o ;7 b 2 Y j - . oo o ., o , o S . ey ’ 4 Png s) e ;
ot vy .‘\\ N L. \\Nn e 4 M.N- RS T (07 [ e g 2 .o 1 e : t . e} . ¢ E
;

R [

.w ,
- (-“b!l»*:.ll, -

.

!

!
. iM ey

}

|

i
'
1
[l
-
{
1
§

L S - ! e 3 ,
ot a3 111 = i oot e e 5 s st e < T e s et b < < . e e -t [T - e i e e v
. \ i W m : . ! | . ,
| m ! ~ _ : , ! ~ _ : | “ .
: ; ' | : ! i j , : V ,,
H “ ’ : : ! 1 : ; . ) i
, ! : ] | ) ' : : i : ; i w
§ o .l«kami. w ~ * R s T T e e e i o [ - -
H | i : i H b i
1 ; H : } ‘ ; '
i : !
i ﬁ X ' . fa. {
: 4 H ! 70 »
i : : § t : ~ i (18 ! i
. \ ' i ! : i . { i
o ! { i i ! : ; ¢ ! i
! H T B e o e e St R i.m R et R S < R e ST - — '
. ] ! i ! ¢ : !
: ! H H ' l | i ! : } ,
; ; . i i ; !
M : w T '. q ‘ ! i m ! ; H
: | : ( M i N i ! ; i i : g
; . i L noursoms AR L - —
Y S S N e - — % ,M T ;
i t { !
| d ; M _ : ;
_ { i { :
H ; i
! !
. i

i
i

SRR N SUSUPU S

‘ .
et e e o oy

i

i

'

i

———
g —

i

i -
cof e e
-

’

i

1

'
C e
i
b

SIS SEUIYY SIS WY U S 9

e e e ...,i,-._..,..p-..-_

|

|

i
H
|
3
|
-
3
1
]

S T R
t
i
:
R ‘
: \
.
,
{
|
t
b

3
H

: i
[ .._.l.,.m,.._.. e e
; i
4
.
— e
'

1 w w ;
N i i : N
b i

| I | | _

. e s ‘1.‘11..“\.. s ‘ . . . w's . Al.y:‘w - + .l..c:l%ly‘.!l w : — 4 b )\;;!(!"0.. - . !

H il B

i | . ! : ' ; i
: i

i e s it en

— g
i
i
1
i
¥
-

!
! : ! :
w P - J— L.. . e e 3 [

| | : . )
i . . ”
] i ! “ . ! ; ; ! i :
' ! : ; ! . } {
i : , : { . ; 1 | ' ; : {
e - - - [ . - PO - P S
Tt T R - ~ T T 1 * t T . ] i : I
1 1 i i ¢ : : ¢ ! ! i ¢
i ; i ' : i ' ¥ ! : ! i |
i 4 | : ‘ : t : P i H } :
: ! i ! t i ! ! ; i + i ¢
DR — S S P - DU SN S S, - e e e i i e R IR |
=

i

'

. 1

/ \\ /"
y A1 \\\

=4

ek SR
VNN |
. | \\ \\ \ ) ,

Ve P \ xN\\ )

#

e

e

=4 d y

S :
mnww <ﬂ YOy , FONHD

EER:OIE w TS O AT
m V7 AT L TN L

N A N e RS
NS LT

v
i
i

t

.7

'



2 NODILSNEWND D
v NOILSNIN DD-FHd

L7 [ o o - -,x,\w £ .n .u... o s - P . . )
. Co o o . o o : . : .
S, e e g SR —- s ; N . ~ .-
. : - L e 2 e o : R " gl Ve Lo -
‘ “ : m\ o ot - -
: i : - .
i i . : ! g e
{ ; J * ! : ! W i {
“.l,ql.iﬂ; - o . , | . ) | i .
| H M H P e e e e e —d e o . _ ! : i i
m b W w , : ' A e v ; 1 « :
; ! : ; . S ) -
o m : w ! i ! : ; } _
G R i 3 : ~ ! . !
L ! g i ‘
i M . ; : ! ; Ceet
f ) N : ~
[ ﬂ m W ,. | | ¢
i SRR R PR S - e
., : : i e . i
M _. : ; I\,zmrw»..! oty e - b FI - b
g - & b .
o L i : / | _ w ; T T _
L P F s e R e e ' ) i i ‘
L m R S SRS SR ! |
1 . N N i :
i H ! ¢ “ H \\
o 1 ; ; A ! H ! | ~
ﬁl - ‘ “ .- ST S _~ o w * . “ i !
ﬁ ; . | b S | | i
i ! ; ; J : BAR Sits St .egr- - . s ;
h}\ t i I : : : _ | : 1 3 i
e Bt o o S I
i ~ - - s A -k M 1. ! ' B . w ” i i M
| : , . i | ' ! AN | i : i ! ; t : |
' i H i i : ! H : i § i - P BT S b i i —_
—d | i ¢ ; : M ! : | _ ! w f , T ! : r L
R i i ! : | ] o , ; m ! ! ~ : w !
: e It S 3 g : i ; ‘ i } ! i . ; i !
| . ! ! _ s ! ! | , | | y . ,
t { : . . i | i ; ' Ty 1 B R X ! i :
b ! ._ : w | | ‘ w | : : W | r T r e JW w ! !
A R : v : ” ; A _ ” N i | ; ; . i ;
[ m e e w et .vi R r IS S . _. i ! i s . 1 w i | : ! : | "
; | i ! i ; - : Bt ; ; : ; i H i ] :
: " i i ; i i : - L] { : | i { :
m w | : M n “ , ,” _ | " _1:,-(+z et ISR S S : -
S ! * i i i ; ! . | ! m i . i M ! : - Lw N Y4
B P R b SIEPAEE i H : . . i i : ! '
| 1 : ; o . e i v : ! : | i ; | ; !
i P i j ! | ! 1 i -4 ) ‘ ! ! w , “
N P | | | T e e o o | |
SR AR AU SRS S U S S | W T T | L R E
Tt e B w | W . | w
S U ! i ! i :
RS R i o ; i m :
_ .

~
>

-

Z2o COA A

TT AT L T
NS LT

v

‘

2

-y

/

VA v oL Log

o~ B — o
T Pt 4 N
"5 ~ T v

o

4
P

- -
bt

T TG D

i

[



L UMINOSITY PHO TOGRAPH oF
IGNITION on WEDGE

FLAME
OBSERVED
HERE

- mn = BN BN BN BB BN B & W= w W = ==
t

AL ATEEE

FIGURE 12

44




LUMINOS ITY PHOTOGRAPH of
BURNING TRIGGERED sy
DISTURBANCE

,/ |
?"w

AT ETT TR % ]\

/} \1 FLAME T j) A /,Q
AREEE N NN

FIGURE 13

"‘
i T




®  N2ALSNTINDD
v NDILSNANDD Fdd

SO0 S0 ASU S DS PSRN O

e N\
-

JIs——

——

. m : : .
OGR! o sumn o4 1 e
i \ : i
: H H ” ! : :
.,..I!.Jm; 0» - - .v b i —te ' ' Wr 4 w
w S R SR o
| , | m ” W : “ : !
i i : i | | ! * m ,
: H m f H l H ! H
i :AM lr; e e een ;. - R SRR S ‘,.Icownn!.!._}iiﬁ B - .« i e g e + - oo qi\lw_
: ! : : ' i , i * : M i | :
v ! ) i i . . § { :
1 i ! i “ i m 0 ; i : _ : . ' ~
{ { : i | . i ; ’ ; | } ; ; : : ;
3 1 -4 . O e et EEE R et - ; i : e e e e SN S rxlw! el e . e - o4 -
i : i i ! : :
, | i A ; ; _ | i m _ W | :
; ] ! { ] | : . : | ; i | i
SN USROS S SOV P SO AU S AU SR B . R . . S i w | S : ” _ ,
.‘\’ q" n . - - - a— - - e e e P T PO A

LSS LS SIS LS S aSS S

ek el ,,..il)..x.»;xl.i\ 4 R . £

o e —— .

S=r - :
Ssmu G ! b= E£H. Ly | #

T T L AT e T A e - P
P& A N AT O d
——— A . \v Feal 2P N P . R -
R S . =
- - e LRI - - e ey
e i 7 v AN - e e w\«\nu\

]



©  NOILSNENOD
T T NOIISNEN O -394 :
OF €2 QZ LZ % Sz W €2\ 22 /2 oz 6/ & LS F S/ # £ L o

\
AN
)
AL W e )

s

RPN SRPIN S——

}

o2

< Wu a 3 ¢ m

o
\\H\\\\\\\\\\L\i\_\\\;\\_ \\\\;\\\p/

s

iy

FONE 1IN L SIT  ~. &=

i w
7 \.\\\\\\\%\\&\\\s T

- V&1 35574 - T PETON NS | TIPAT ‘
S 4 TIANZL O WS N2 T sy
B \«\ﬁv SLTE DA G T8 P
a ) 45 o ‘ k . m L m

mm



N
18)]

K AT

MACH NUMBER AT TUNNEL
EXIT DU+ ING “OMBUSTION

RUN 81

48

R ING
MEUS TKi{

($)

DISTANCE FROM BOTTOM WALL~ INCHES
.f(g

10 .
0_5 b

BEFORE

& COMBUSTI
/ ¥

s i et

e 1 1 R v N A D R et I A B T

pont vy

20 30

MACH NUMBER
FIGURZ 15



SIS
-

- W ey

[P

STAGNATICN TEMPERATURE
PROFILE IN TEST SECTION

. . \ S \ . . .
\ . ' \, \ A . . .
\ \ . Lo f
Y N ' " v \ ) N z\
\ \ 5 R o |

25 \ ’ \ N ! ; A ] : W > A
!
|

2800 °R  MEAS URED
IN PLENUM CHAMBER

®

10 O

—
O
-1
S W —
i

e st

. t50°ACCURACY FOR
. MEASUPREMENT

NN AN VRO

- - e o e i e 5 e it < v e

05 - e

[P S

DISTANCE FROM BOTTCM WALL, INCHES

|
; ;
I ‘ R -! e . 1
2500 260G 1700 S80C
TEMPEFATURE OR

FIGURE 16



IGASL saocx TUBE DATA
OP)BAL OPEN JET DATA

_ FIG.17_ QQRSE.LATL@&,MQE ;samga DELAY TIME - NUMERICAL'



]

R

e

51

----lppl-—---q-|

1000
8
6
4
2 TAKEN [FROM REFERENCE ]
100
8
6
4
N M= 1.0
o . sols_, & 1-1275 /1000
e P
2
: TR~ M se€cC
Nn~ ATA
r , Nl
10 AN
| \
8 \
6 -
a \
N
2
i
0 500 1000 1500 2000 2500 3000 3500

INITIAL TEMPERATURE ~ °K
FIG.IB CORRELATION OF REACTION TIME NUMERICAL RESULTS



TYPICAL LAUNCH VEHICLE

TRAJECTORY

200

100

U n~l ;@l«i!llﬂ —_ 1 —
H
{ m /, X
e - 4 o
! ” \ , J
} \ : f
! | \ |
| :
! : m
M |
- 8 w
, W
! _
-t ; r/ SR SO
. !
|
/// {
' .
! ,/M
i
+ — e ,//%,
m i |
_ ;
.N :
m |
i ~
|
|

o <

e Ol XSd4~ ALIDOTIA

N

300

ALTITUDE ~FTx |02

S

FIGURE

.
< . AN Il B B N B B D BN BN D BN OE B e e
: ii et P . . . . . R oo



f‘.jr.

‘ / R
v '

IERERNEY S R
" - .
v

ALTITUDE ~ FT xio7°

<

FIGURE 20

(N’
o ALTITUDE FOR THERMAL TGNITION “OF 1
¥ HYDROGEN DUMPEDFROM A WALL SLOT . * 4
~ S : ’
& BASED on: Tw=400 °F
a8 X /0 f+ |
X . D =3 ft §
‘,jj ) AND ISENTROPIC EXPANSJON i
FROM WNORMAL SHOCK |
g 0 R=FfR (oﬂ- + »os—xo— Nﬁﬁ) ;
?t_ ’ |
5 |
. |
7000 - - | |
| ; B!
;q%: : ar Rel Pe |
26 I S A TS
i joo /0 40 !
= | 150 8
@ 5000 ! 2-5] ¢
g | / 200| 014 | 3
' : S0| 0.6b | .
X 4000 ; 230 0.06 | -05
- i
= |
& 3000 .-w._m.,.*_m_m_]i
) |
PROBABLE IGNITION ; i
Z 4 / 'f ?
S L : y s | |
S 2000 S S—— SR -t
= — T :
> y ‘ . 1!
S NO IGNIT? | ‘
/ % + -
LAMINAR s
 TURBULENT BOuUN DARY Rg - /0
Bounpary | LAYER mip =
LAYER l
— ¢ - — .....«-_{_ e ————— v
O /100 200 . 300



